The finding that some K+ channel mRNAs are restricted to certain populations of neurons in the CNS suggests that there are K+ channels tailored to certain neuronal circuits. One such example are the transcripts from the KV3.2 gene, the majority of which are expressed in thalamic relay neurons. To gain insights into the specific roles of KV3.2 subunits, site specific antibodies were raised to determine their localization in thalamic relay neurons. Immunohistochemical and focal lesioning studies demonstrate that KV3.2 proteins are localized to the terminal fields of thalamocortical projections. It is also shown that KV3.2 channels expressed in vitroare strongly inhibited through phosphorylation by CAMP-dependent protein kinase (PKA). Channels containing KV3.1 subunits, which otherwise exhibit nearly identical electrophysiological properties in heterologous expression systems but have a different and less restricted pattern of expression in the CNS, are not affected by PKA. Therefore, this modulation might be associated with the specific roles of KV3.2 subunits. Furthermore, we demonstrate that KV3.2 proteins can be phosphorylated in situ by intrinsic PKA. KV3.2 subunits display properties and have a localization consistent with a role in the regulation of the efficacy of the thalamocortical synapse, and could thereby participate in the neurotransmitter-mediated control of functional states of the thalamocortical system associated with global states of awareness. K+ channels exhibit a striking diversity, endowing neurons with a wide repertoire of excitable properties, including variations in membrane resting potential, electrical resistance, and action potential threshold, waveform, and frequency. Therefore this diversity contributes to the ability of individual neurons to respond in a specific fashion to a given input (Llinas, 1988; Rudy, 1988; Received Jan. 3, 1995; revised Mar. 23, 1995; accepted Mar. 29, 1995 , 1989; McCormick, 1990; Baxter and Byrne, 1991; Hille, 1992) . K+ channels are also one of the most frequent targets of second messenger cascades activated by neurotransmitters and other stimuli
K+ channels exhibit a striking diversity, endowing neurons with a wide repertoire of excitable properties, including variations in membrane resting potential, electrical resistance, and action potential threshold, waveform, and frequency. Therefore this diversity contributes to the ability of individual neurons to respond in a specific fashion to a given input (Llinas, 1988; Rudy, 1988; Latorre et al., 1989; McCormick, 1990; Baxter and Byrne, 1991; Hille, 1992) . K+ channels are also one of the most frequent targets of second messenger cascades activated by neurotransmitters and other stimuli (Kaczmareck and Levitan, 1987; Caterall, 1988; Levitan, 1988; Rudy, 1988; Hille, 1992) . The ensuing changes (such as the phosphorylation of K+ channel proteins) result in the stimulus-dependent modulation of the electrical properties of neurons. The diversity of K+ channels allows for a large variation in the responses to these modulators. An example of the potential physiological significance of the modulation of K+ channels by kinases is found in Aplysia sensory neurons, where a K+ channel known as the S channel is inhibited by phosphorylation by CAMP-dependent protein kinase. This results in an increase of the duration of the action potential, which in turn produces an increase in neurotransmitter release. This modulation is thought to play a role in short term learning processes in Aplysia (Klein et al., 1982; Siegelbaum et al., 1982) .
A large number of subunits of mammalian K+ channels expressed in the CNS have been identified in recent years by molecular cloning techniques (Jan and Jan, 1990; Perney and Kaczmareck, 1991; Rudy et al., 1991; Pongs, 1992; Salkoff et al., 1992; Butler et al., 1993; Kubo et al., 1993a,b; Warmke and Ganetzky, 1994) . Along with providing a wealth of structural information (MacKinnon, 1991; Miller, 1991; Jan and Jan, 1992) , the availability of molecular probes provides tools for understanding the contribution of K+ channels to the electrical properties of CNS neurons, which are especially useful in areas inaccessible to direct electrophysiological analysis. The Sh family, the most extensively studied family of subunits of voltagedependent K+ channels, consists of over 20 members divided into four subfamilies based on sequence similarities: Shaker-related, Shab-related, Shaw-related, and Shal-related (reviewed by Jan and Jan, 1990; Perney and Kaczmareck, 1991; Rudy et al., 1991; Pongs, 1992; Salkoff et al., 1993) .
The mRNAs of some Sh family members are widely distributed in the CNS, while others have a more restricted pattern of expression, suggesting their involvement in more specific roles (e.g. Beckh and Pongs, 1990; Drewe et al., 1992; Hwang et al., 1992; Perney et al., 1992; Rudy et al., 1992; Sheng et al., 1992 Sheng et al., , 1994 Tsaur et al., 1992; Wang et al., 1994; Weiser et al., 1994) . The transcripts of the KV3.2 gene (originally called RKShIIIA or KShIIIA; McCormack et al., 1990; Rudy et al., 1991a ; the nomenclature of Chandy et al., 1991 , is used in this article), members of the Shaw-related subfamily, are among those K+ channel transcripts showing highly localized expression. In situ hybridization histochemistry with KV3.2 probes in the rat CNS shows that KV3.2 mRNAs are predominantly expressed in thalamic relay neurons Weiser et al., 1994) . Furthermore, based on quantitation of Northern blots, we estimate that close to 90% of all KV3.2 mRNAs in the rat CNS are found in the dorsal thalamus, and that, among those tested, KV3.2 mRNAs are one of the most abundant K+ channel mRNAs in thalamic poly (A) RNA Weiser et al., 1994) . KV3.2 mRNAs have so far not been detected outside of the CNS . Cloned originally from rat (McCormack et al., 1990 ), the KV3.2 gene has also been identified in mouse and human and chicken (unpublished data). The sequence of KV3.2 proteins has been strongly conserved throughout vertebrate evolution (~95% amino acid identity between rat and chicken in the membrane portion of the protein). These data suggest that channels containing KV3.2 subunits (KV3.2 channels) may play an important role in the function of thalamic relay neurons. Moreover, high levels of KV3.2 mRNAs are found throughout the dorsal thalamus, including nuclei involved in auditory, visual and somatosensory processing, suggesting that the roles of KV3.2 channels are general to thalamic function.
The dorsal thalamus acts as a gate between neurons receiving sensory information and the cerebral cortex. To reach the neocortex, sensory information must first, with few exceptions, be processed by thalamic relay neurons (Jones, 1985; Steriade and Llinas, 1988; Sherman and Koch, 1990; Steriade et al., 1990) . Given the role of the dorsal thalamus in the processing of sensory information, thalamic relay neurons have been the subject of extensive electrophysiological study (McCormick and Prince, 1985; McCormick and Prince, 1986; McCormick and Prince, 198713; Steriade and Llinas, 1988; Steriade et al., 1990; Sherman and Koch, 1990; Agmon and Connors, 1991; Agmon and Connors, 1992; McCormick, 1992a,b; McCormick and Huguenard, 1992) . To understand the possible relationship between the channels identified in these electrophysiological studies and KV3.2 subunits, it is necessary to know which compartments of the neuronal membrane contain these proteins. For this purpose we raised site-specific antibodies and utilized immunohistochemical techniques to determine the localization of the subunits at the subcellular level.
Many studies have demonstrated that neurotransmitter-induced activation of second messenger cascades has a dramatic effect upon the function of thalamic relay neurons, often via the regulation of K+ currents (McCormick and Prince, 1985; McCormick and Prince, 1986; McCormick and Prince, 1987a,b; Steriade et al., 1990; Huguenard and McCormick, 1992; McCormick, 1992a,b; McCormick and Huguenard, 1992) . These modulations are believed to underlie changes in the thalamocortical circuit associated with global states of awareness such as sleep, wakefulness, arousal, coma, or changes in attention (Steriade and Llinas, 1988; Sherman and Koch, 1990; Steriade et al., 1990; McCormick, 1992a,b) . The finding that the excitability of thalamic relay neurons is modulated by neurotransmitters has contributed to the now widely held view of the dorsal thalamus as an active structure capable of regulating sensory input to the cortex rather than a passive relay station.
Given the significance of ion channel modulation in thalamocortical function and to gain further insight into the roles of KV3.2 proteins in thalamic relay neurons, we investigated the possibility that KV3.2 channels are targets of regulation by receptor-mediated activation of second messenger cascades. Among several possible cascades we have focused on the CAMP system because it is one of the key pathways modulated by neurotransmitters and neuropeptides acting on the thalamocortical circuit. Moreover, a putative PKA phosphorylation site is a key distinction between KV3.2 subunits and the products of KV3.1, a closely related gene. In Xenopus oocytes, KV3.1 and KV3.2 transcripts express currents with nearly identical kinetics and voltage dependence . However, KV3.1 transcripts have an entirely different, and sometimes complementary, pattern of expression in the rat CNS . Modulation of KV3.2 channels by CAMP may then be closely associated with its specific roles in the mammalian CNS .
Materials and Methods
Antibody production. To raise antibodies against KV3.2 proteins, rabbits were injected with the peptide DLGGKRLGIEDAAGLGGPDGKC coupled via the cysteine to keyhole limpet hemocyanin (KLH) (Harlow and Lane, 1988) . The peptide corresponds to a sequence present in the constant region of KV3.2 proteins (residues 184-204 plus a C-terminal cysteine added to facilitate coupling) prior to the first membrane spanning domain (McCormack et al., 1990 (McCormack et al., , 1991 , in an area where K+ channel proteins are less similar (Vega-Saenz de . The KLH-linked KV3.2 peptide was injected into rabbits using standard procedures for antiserum production by Berkeley Antibody co., Richmond, CA. For affinity purification, the KV3.2 oeotide was couuled via the cysteine to Sulfohnk Sepharose resin (Pierce, Rockford, iL) and antibodies purified following supplier's protocols. The final volume of purified antibodies was three times that of the original volume of serum applied to the column and had a protein concentration of 150 kg/ml. Several tests were carried out to characterize the KV3.2 antibodies and assess their specificity. The antibodies immunoprecipitate a protein of -80 kDa from membranes derived from CHO cells permanently transfected with a KV3.2a cDNA but not from control CHO cells (see Fig. 8A, lanes 3, 4) . The size of this band is larger than the predicted (-67 l&a) size of the KV3.2a polypeptide, or the observed size of in vitro synthesized protein (also -67 kDa, data not shown) probably due to glycosylation or other posttranslational modifications. A somewhat broader band is seen in immunoprecipitates from rat brain membranes (see Fig. 8A , lane 1) probably reflecting the heterogeneity in brain of splice variants and perhaps also posttranslational modifications. The immunoprecipitation of KV3.2 proteins from transfected CHO cells (data not shown) or from brain (Fig. 8A , lane 2) can be blocked by preincubating the antibodies with an excess of KV3.2 peptide. Moreover, the KV3.2 antibodies immunostained CHO cells transfected with a KV3.2 cDNA, but not with a KV3.1 or KV3.3 cDNAs, in contrast to antibodies against KV3.1, which immunostained only the KV3.1 transfected cells (Fig. 1) . Taken together these tests show that the KV3.2 antibodies react spe&ally with kV3.2 proteins. Furthermore, the pattern of immunostaining in the brain is consistent with the pattern of expression of KV3.2 mRNAs Weiser et al., 1994) . Of particular significance in terms of specificity being the immunostaining of a small subset of neurons in the-cortex and the hippocampus (Figs. 2-4) with a similar distribution to neurons exuressing KV3.2 mRNAs (Rudv et --~ < al., 1992; Weiser et al., 1994) . Kuinic acid lesions. Adult male rats (275-300 gm) were deeply anesthetized with an intraperitoneal injection of 100 mglkg ketamine and 10 mg/kg xylazine and placed in a stereotaxic apparatus. Upon removal of a small piece of the overlying skull, 100 nl of 10 mg/ml kainic acid was injected stereotaxically with a glass micropipette into the ventromedial/ventroposterior thalamic area (AP +6.7 mm, ML + 1.8 mm, DV +6.8 mm; according to the atlas of Paxinos and Watson, 1986 ) over a period of 10 min using a Drummond 10 pl microdispenser. The micropipette was kept in place an additional 10 min to minimize diffusion of the neurotoxin into the injection shaft, following which the wound was packed with Gelfoam and sutured, and the animals allowed to recover from the anesthetic.
Preparation (McCormack et al., 1990 ) was subcloned into a mammalian expression vector containing an SV40 promoter and a neomycin resistance gene (a kind gift of Dr. R. Kris, Dept. of Pharmacology, NYU). Permanent CHO-Kl cell lines expressing KV3.2a proteins were prepared by stable transfection utilizing DOTAP (Boehringer Mannheim) to introduce the recombinant vector by lipofection according to the manufacturer's protocols. Following selection for neomycin resistance, cell lines were isolated and electrophysiologically tested, selected, and grown in DMEM with 10% (vol) fetal bovine serum (GIBCO) in the presence of neomycin.
In situ hybridization and immunohistochemistry. Adult male Sprague-Dawley rats were anesthetized with sodium pentobarbital (Nembutal, 120 mg/kg, i.p.) and perfused transcardially with cold saline containing 0.5% NaNO, and 10 U/ml heparin followed by 400 ml of cold 0.1 M phosphate buffer containing 4% formaldehyde. The brains were removed, cut into appropriate blocks and postfixed for 2 hr, following which they were placed in 30% sucrose at 4°C overnight. Tissue sections (30-40 pm, unless otherwise indicated) were cut on a freezing sliding microtome and processed for in situ hybridization histochemistry Weiser et al., 1994) or immunohistochemistry. For immunohistochemistry, the sections were preincubated for 30 min with a solution containing 1% bovine serum albumin (BSA, Sigma, fraction V), 0.2% Tiiton X-100 in 0.1 M phosphate-buffered saline (PBS). After washing, the sections were incubated overnight in 0.5% BSA in PBS (PBS-BSA) containing KV3.2 antibodies at a 1:75 to 1:lOO dilution. After several washes in PBS-BSA, the sections were incubated with biotinylated anti-rabbit secondary antibodies (Vector, Burlingame, CA) at a 1:200 dilution for 1 hr and then washed. Bound antibodies were detected using the avidin-biotin-complex following the instructions in the Vectastain Elite ABC kit (Vector), using 3,3'-diaminobenzidine tetrahydrochloride dihydrate (DAB, Aldrich Milwaukee WI) as a chromogen. Tissue sections were mounted on gelatin coated glass slides, dried, dehydrated, counterstained with cresyl violet when necessary, and coverslipped.
To prepare tangential sections of primary somatosensory cortex, following transcardial perfusion and craniotomy of adult (175 gm) male rats, the hemispheres were separated by a midsagittal cut and postfixed and cryoprotected as above. Prior to sectioning, a tangential cut was made, grossly separating cortex from underlying structures. The cortices were sectioned serially, parallel to the pial surface of the primary somatosensorv cortex, in 40 urn thick sections (Welker and Woolsev. 1974) .
For immunofluorescence on CHO cells, the cells were grown on glass coverslips. After two washes with PBS the cells were fixed with 4% formaldehyde, washed with PBS, and permeabilized for 15 min in PBS containing 0.1% Triton X-100 (PBS-Triton). The cells were then incubated for 1 hr with a blocking solution containing 10% fetal bovine serum, 2% goat serum, 0.2% biotin, and 1% BSA in PBS-Triton and then incubated overnight with KV3.2 antibodies at a 1:50 dilution or KVS.lb antibodies (Weiser et al.. 1995) Electrophysiological analysis. Whole-cell currents were obtained at room temperature by the whole-cell configuration of the patch-clamp technique (Hamill et al., 1981) with an Axopatch 1A amplifier (Axon Instruments, Foster City, CA). The patch pipettes contained a solution of 130 mM KCl, 10 mu EGTA, 1 mM MgCl,, 5 mM MgATP and 10 mM HEPES (pH adjusted to 7.4 with KOH). The extracellular solution contained 135 mu NaCl, 3.5 mM KCl, 1.5 mM CaCl,, 1.0 mM MgCl,, 5.0 mM glucose, and 10 mu HEPES (pH adjusted to 7.4 with NaOH); 1 PM tetrodotoxin (TTX) was added when intrinsic Na+ currents were present. Seal resistance was typically 10 GR. Recordings were obtained with partial series resistance compensation (50%-70%) and most of the cell capacitance canceled. Experiments with CAMP or IBMX were only performed in recordings that were stable. The currents were low-pass filtered at 2 l&z using an eight oole Bessel filter (Freauencv Devices) and digitized at 2.5 kiiz. Sub&a&on of leak and remaining capacitance was obtained using a P/4 protocol. To generate voltage clamp protocols, and for data acquisition and analysis we used the PCLAMP software (Axon Instruments).
Figure 2. KV3.2 proteins are present in thalamocortical projections. A, Darkfield photomicrograph of a rat brain coronal section at the level of the ventroposterolateral thalamic nucleus hybridized with a %-labeled probe specific to KV3.2 mRNAs. Note the strong hybridization signals throughout the dorsal thalamus and the punctate staining in deep cortical layers and the hippocampus. Observation under bright field of counterstained sections shows that in the dorsal thalamus the hybridization grains are concentrated over the somata of thalamic relay neurons Weiser et al., 1994) . B, Immunohistochemistry of a parallel section with affinity purified KV3.2 antibodies. Note the strong fiber-like staining of the RT The staining of the dorsal thalamus is comparatively weaker, and does not appear to be associated to neuronal somas. This pattern is the converse of that seen by in situ hybridization (A). Note also the presence of a diffuse band of immunostaining in the cortex approximately at the level of layer IV (curved arrows), and the somatic staining of a subset of neurons in deep layers of the cortex (arrowheads) and in the hippocampus which have a distribution similar to the subsets of neurons seen expressing KV3.2 mRNAs in these regions (A). C, Tangential section of primary somatosensory cortex immunostained with KV3.2 antibodies. Note the labeling of the layer IV barrel field. Uniform background staining was seen in control sections treated with peptide depleted antibodies (data not shown). Abbreviations: VPL, ventroposterolateral thalamic nucleus; VPM, ventroposteromedial thalamic nucleus; LD, laterodorsal thalamic nucleus; CX, cortex; RT, reticular thalamic nucleus; CA3, CA3 field of Ammon's horn; DG, dentate gyrus; GP, globus pallidus; N, barrels of the rostral face projections; MV, barrels of the projections corresponding to the mystacial pad vibrissae. Scale bars: A and B, 1.2 mm; C, 2 mm.
Single channel recordings utilized the cell-attached configuration of the patch-clamp technique (Hamill et al., 198 1) with an Axopatch 200-A amplifier (Axon Instruments). The extracellular solution utilized for whole cell recordings was used for both the bath and the pipette. The currents were low pass filtered at 2 kHz and digitized at 2 kHz. Leak subtraction was digitally performed using a template generated by averaging sweeps with no openings and this average subtracted from sweeps containing openings. The data was plotted utilizing an additional software-generated 0.5 kHz Gaussian filter. Data analysis utilized the FETCHAN and PSTAT programs of the PCLAMP software. Preparation of membrane extracts. Rat brain membrane extracts were prepared from a P3 fraction of tissue homogenate (Hartshorne and Catterall, 1984) solubilized for 1 hr in a 2% Triton X-100 solution containing 50 mM potassium phosphate buffer pH 7.4, 50 mM KCl, 2 mu EDTA, and 1 p,~ pepstatin A, 1 mM I,10 phenanthroline, 0.2 mu PMSE and 1 mM iodoacetamide to inhibit proteases. The suspension was spun at 100,000 X g to remove nonsolubilized material, and the top 2/3 of the supernatant used for further experiments. Membranes from confluent CHO cell cultures were prepared by homogenizing the cells in a 25 mM potassium phosphate (pH 7.4), 2 mu EDTA ice cold solution containing the aforementioned protease inhibitors. Membranes were pelleted at 35,000 X g for 1 hr, resuspended in the same solution at 2-3 mg/ml, and stored at -70°C. Before use the membranes were thawed and solubilized as above.
Immunoprecipitation. Before immunoprecipitation, 300 pl of solubilized membranes (-400 pg protein) were precleared for 30 min at 4°C with protein A-sepharose beads (Pharmacia). After removing the beads, the extracts were incubated for 4 hr at 4°C with KV3.2 antibodies at a I:10 dilution. At the end of the incubation period fresh protein Asepharose beads were added and the suspension incubated for 2-3 hours at 4°C. The complexed beads were collected and washed two times in 1% Triton X-100 in 50 mu Tris, 150 mu NaCl, 1 mu EDTA, 1 mu EGTA, pH 7.4. Proteins were then extracted with a sample buffer [ 10% (vol) glycerol, 5% (vol) B-mercaptoethanol; 60 mM Tris-HCl pH 6.8; 0.001% (wt) bromphenol blue and 3% SDS], heated for 3 min at 80°C and electrophoresed in an 9% (for the experiment shown in Fig. 8A ) or 10% (for the experiment shown in Fig. 8&C ) SDS polyacrylamide gel (Harlow and Lane. 1988) . For the exneriments shown in Figures 8. B and C, the gels were dried and exposed to Kodak XAR x-riy film in the presence of intensifying screens for 2 d at -80°C. For immunoblotting (as in the experiment shown in Fig. 8A ), the electrophoresed proteins were transferred onto a nitrocellulose filter (Bio-Rad). The Western blot was incubated with KV3.2 antibodies at a 1:lOO dilution, followed by incubation with horseradish peroxidase-linked anti-rabbit secondary antibodies. Bound antibodies were detected using chemiluminescence with an ECL detection kit (Amersham).
Phosphorylution by exogenous protein kinase A. Solubilized membrane proteins (200 pl containing -400 ug of protein) were preincubated for 2 min at 36°C prior to the addition of 4 units of catalytic subunit of PKA (New England Biolabs) and 25 pCi of Y~~-ATP (3000 Ci/mmol: New England Nuclear). The reaction was incubated for 30 set at 36"C, stopped with 200 AM EDTA and the tubes immediately placed on ice and processed for immunoprecipitation. Immunoprecipitated proteins were analyzed by SDS gel electrophoresis. To quantify the bands of immunoprecipitated protein the autoradiograms of the gel were read in an Ambis 4000 radioanalytic imaging detector (Ambis, San Diego, CA).
Back-phosphorylation. Purified cortical synaptosomes were prepared from freshly dissected rat cortices by the method of Gray and Whittaker following the protocols described by Krueger et al. (1979) . Synaptosomes (2.5 mg protein/200 pl sample) in 145 mM NaCl, 2.6 mM KCI, 1.3 mM MgSO,, 10 mM HEPES pH 7.4, 1 mu CaCI,, 10 mM glucose were incubated with various concentrations of CPT-CAMP for 10 min at 36"C, and the reactions stopped with 0.1% SDS on ice. The synap-tosomes were immediately diluted threefold and solubilized for 30 min at 4°C in (final concentrations) 1% Triton X-100, 5 mu MgCl,, 25 mM Hepes-Tris (pH 7.4), 5 mu EGTA, 50 mM NaF, 5 mu Na pyrophosphate, 1 mu NaVO,, 1 FM pepstatin A, 1 mu 1,lO phenanthroline, 0.2 mu PMSE and 1 mu iodoacetamide. Nonsolubilized membranes were removed by centrifugation for 30 min in an Eppendorf centrifuge at 4°C. The supernatants were then phosphorylated with exogenous catalytic subunit of PKA and then immunoprecipitated as described above.
Results

Immunolocalization of KV3.2 proteins to thalamocortical projections
The KV3.2 gene (McCormack et al., 1990 (McCormack et al., , 1991 is one of four known Shaw-related genes (Vega-Saenz de . It generates four different proteins by alternative usage of 3' exons resulting in proteins with divergent carboxyl domains. All KV3.2 transcripts express indistinguishable currents in Xenopus oocytes and appear to be coexpressed in similar neuronal populations in the CNS (McCormack et al., 1990 (McCormack et al., , 1991 Luneau et al., 1991; Rudy et al., 1992; Moreno and Kentros, unpublished observations) . Antibodies that recognize all KV3.2 isoforms (see Materials and Methods) were used to study the localization of KV3.2 proteins in the rat brain.
Surprisingly, strong immunostaining was seen (Fig. 2B ) in the reticular thalamus (RT), a nucleus of the embryologically and functionally distinct "ventral thalamus" (Rose, 1942; Jones, 1985; Steriade, et al., 1990 ) which expresses little KV3.2 mRNAs (see Fig. 2A and Rudy et al., 1992; Weiser et al., 1994) , while the dorsal thalamus, or thalamus proper, showed relatively weaker and diffuse immunostaining (Fig. 2B) . In particular, thalamic relay neurons, the cells expressing the highest levels of KV3.2 mRNAs Weiser et al., 1994) , displayed weak somatic labeling. The immunostaining in the RT was not in neurons, but in fiber-like structures that cross the RT transversely (Fig. 2B) .
In addition, KV3.2 antibodies immunostained a diffuse, fiberlike band in layer IV of the cerebral cortex (indicated with curved arrows in Fig. 2B ), another area which does not show appreciable mRNA expression (see Fig. 2A and Rudy et al., 1992; Weiser et al., 1994) , as well as staining the somata of a subset of neurons in deep cortical layers (indicated by arrowheads in Fig. 2B ) with a similar distribution to a subset of neurons expressing KV3.2 mRNAs (see Fig. 2A and Rudy et al., 1992; Weiser et al., 1994) .
Layer IV of the neocortex is the main area of termination of thalamocortical projections, the axons of thalamic relay neurons (Jones and Burton, 1976; Herkenham, 1980; Jones, 1985; Steriade, et al., 1990) . Together with the results of mRNA localization we hypothesized that the band of immunostaining seen in the neocortex is produced by the presence of KV3.2 proteins in the terminals of thalamocortical projections. Thalamocortical axons pass through the RT on their way to the cortex and provide collateral inputs to reticular thalamic neurons (Jones, 1985; Steriade, et al., 1990) , thus the pattern of immunostaining seen in separated by less stained septa. D and E, High power micrographs of the VPL in Nissl-stained sections ipsilateral (D) and contralateral (E) to the injection site. Note the marked reduction in thalamic relay neurons (indicated by arrows in E) and the increase in glial cells in the ipsilateral side (D). F, Photomicrograph of a Nissl stained section from the same brain showing somatosensory cortex ipsilateral to the lesion site. Note the lack of apparent cytotoxic effects as judged by the normal cytoarchitecture of the six cortical layers. Essentially the same results were obtained in two additional lesioning experiments, one with a more extensive lesion (Fig. 4A-C) and one with a smaller lesion (not shown). Abbreviations: VPL, ventroposterolateral thalamic nucleus; LD, laterodorsal thalamic nuclei; MD, mediodorsal thalamic nuclei; RT, reticular thalamic nucleus; CS, corpus striatum; Wh, cortical white matter. Scale bars: A, 2.1 mm; B and C, 525 pm; D and E, 60 p,m; F, 525 pm. . The staining in layer IV of the cortex after unilateral thalamic lesions is not affected in areas receiving projections from undisturbed sections of the thalamus. A-C, Immunohistochemistry with KV3.2 antibodies of coronal sections at three different anteroposterior levels of the brain from a rat unilaterally injected with kainic acid. Note in B and C the loss of staining in the left thalamus, the site of the primary lesion. The site of entry of the injection needle is apparent on the section shown in B. Note the marked reduction in staining of cortical layer IV on the parietal and occipital areas of the cortex on the side ipsilateral to the lesion, but not in the ipsilateral temporal cortex. The staining in deep cortical layers is largely unchanged. D, Immunohistochemistry of a section from a normal rat at a level similar to that for the section shown in C, treated with affinity purified KV3.2 antibodies preincubated with an excess of KV3.2 peptide. Note that all areas labeled by KV3.2 antibodies in A-C and in Figures 2B and 3A-C show close-to-background signals in this experiment. Abbreviations: CA3, CA3 field of the hippocampus; CS, corpus striatum; DC, dentate gyms; Fr, Frontal area of the cortex; GP, globus pallidus; MD, mediodorsal thalamic nuclei; Occ, occipital area of the cortex; Par, parietal area of the cortex; Prh, perirhinal cortex; Rs, retrosplenial cortex; RT, reticular thalamic nucleus; Te, temporal cortex; VP, ventroposterior thalamic complex; VPL, ventroposterolateral thalamic nucleus. Scale bar, 2.05 mm.
the RT supports this interpretation, Furthermore, the KV3.2 antibodies immunostained the barrels of the primary somatosensory cortex (discrete multicellular units representing the cortical fields of sensory units; Woolsey, and Van der Loos, 1970; Welker, 1971; Welker and Woolsey, 1974) in tangential sections of layer IV (Fig. 2C) . Fink-Heimer staining of degenerating thalamocortical terminals reveals the segregation of these terminals into discrete clusters which fill the cortical barrels (Killackey, 1973) . The images produced by KV3.2 antibodies in cortical layer IV (Figs. 2C, 3C ) are very similar to those produced by degenerating thalamocortical terminals.
To confirm that the band of immunostaining with KV3.2 antibodies in layer IV of the cortex is due to the presence of KV3.2 proteins in the terminal fields of thalamocortical axons, unilateral kainic acid lesions of the thalamus were performed. Kainic acid is an excitotoxic neurotoxin which specifically destroys cells (such as thalamic relay neurons) expressing cell surface kainate receptors. Thus, upon injection into the thalamus, thalamic relay neurons are destroyed while afferent fibers and fibers of passage, as well as glial cells are spared (Coyle et al., 1978) . The method has been applied extensively to selectively destroy thalamic-relay neurons in rat (Marty et al., 1991; Vukelic et al., 1991) . In the experiment illustrated in Figure 3 , 5 d after the lesion the brains were dissected out and processed for histology and KV3.2 immunohistochemistry. The treatment destroyed most thalamic relay neurons on the lesioned side of the thalamus (compare Fig. 3D,E) . Consistent with the hypothesis laid out here, the immunostaining of the layer IV band is much weaker in the cortex ipsilateral to the lesion, while the contralateral side was unaffected (compare Fig. 3B,C) . The cortex on the lesioned side appeared undamaged as judged by Nissl stain (Fig. 3F) and immunostaining with antibodies against KV3.1 b proteins which are expressed somatodendritically by cortical layer II-VI cells (data not shown). Moreover, the KV3.2-positive neurons in deep layers of the cortex were unaffected by the lesion (arrowheads on Fig. 3B ; see also Fig. 4A-C (Kemp and Pearson, 1990; Kennelly and Krebs, 1991 ) is compared to the amino acid sequence of the equivalent region of KVS.lb (see Vega-Saenz de Miera et al., 1994, for details on the genomic structure of Shaw-related genes). Also shown is the sequence of the KV3.2 (SS563-564AA) mutant where the two serines in the putative PKA phosphorylation site have been changed to alanine. The sequence of KV3. lb and KV3.2 proteins in this region is very similar (conserved residues are shown in boldface); however, KVS.lb proteins lack a PKA phosphorylation site. In the KV3.2 gene, alternative splicing takes place downstream from the sequence shown here, and therefore this sequence is present in all KV3.2 isoforms. In these proteins the sequence RRSS conforms to the strongest consensus sequence for PKA phosphorylation (R-[R/K]-X-[STT]). In the KV3.lb protein there are two substitutions (T for R and G for S) such that the resulting sequence (TRSG) does not conform even with the weaker consensus sequences for PKA phosphorylation (
R-X-[S/T]) or (R-X-X-[S/T]).
The threonine immediately following the glycine in KV3.lb is not a good substrate for phosphorylation because of the arginine on the C-terminal side (Kennelly and Krebs, 1991 ; and literature cited there). B, KV3.2 currents from a KV3.2 transfected CHO cell elicited in response to depolarizing steps from -50 to +40 mV in 10 mV increments from a holding potential of -90 mV. C, KV3.2 currents in the same cell 8 min after bath application of 1 mu 8-(4 chlorophenylthio)-CAMP (CPT CAMP). D, KV3.2 currents after bath application of 1 mM CPT CAMP and 1 mu IBMX following the recording shown in C. E, Currents obtained from the same cell following a 15 min washout of both CAMP and IBMX. F, Currents obtained from a CHO cell microinjected with mutant KV3.2 (SS563-564AA) cRNA. G, Currents in the same cell as in F 16 min after bath application of 1 mu CPT CAMP and 1 mu IBMX. H, KV3.lb currents from a CHO cell transfected with KV3.lb cDNA. I, KV3. lb currents in the same cell as in H 15 min after bath application of 1 mu CPT CAMP and 1 mu IBMX. All recordings utilized the same pulse protocol as that described in B. Effects of CAMP or IBMX were seen about 1 min after the application of the reagent, but reached maximal effects within 5-l min. Calibration: B-E, 600 pA; F and G, 200 pA; H and I, 500 pA.
of KV3.2 Channels in Thalamocortical Terminals
acid lesions on the staining in layer IV of the neocortex was specific to those cortical areas innervated by the lesioned thalamus. For example, in an animal in which the medial geniculate body remained intact, the staining in layer IV was affected in parietal and occipital cortex but not in temporal cortex (Fig. 4A -0 All areas labeled by KV3.2 antibodies, including the band on cortical layer IV, display little staining above background in control sections treated with antibodies preincubated with KV3.2 peptide (Fig. 40) .
Modulation of KV3.2 channels by CAMP-dependent phosphorylation To obtain further clues as to the functions of KV3.2 channels in thalamocortical projections we studied their modulation by second-messenger systems. KV3.2 proteins have two consecutive serines present in a sequence matching the consensus sequence for phosphorylation by CAMP-dependent protein kinase (PKA) (Fig. 5A) . Given the results of localization of KV3.2 proteins suggesting that this K+ channel may influence action potential duration in thalamocortical projections and transmitter release in thalamocortical synapses, as well as the role played by PKA phosphorylation in synaptic function in other systems (Klein et al., 1982; Siegelbaum et al., 1982; Nestler and Greengard, 1984; Kaczmareck. and Levitan, 1987; Caterall, 1988; Hille, 1992; Chavez-Noriega and Stevens, 1994) we explored the effects of CAMP upon the electrophysiological properties of KV3.2 channels expressed in Chinese hamster ovary (CHO) cells.
CHO cells permanently transfected with a KV3.2 cDNA expressed voltage-dependent K+ currents (Fig. 5B ) absent in nontransfected cells, closely resembling the currents seen in Xenopus oocytes injected with in vitro KV3.2 transcripts (McCormack et al., 1990; Vega-Saenz de Miera et al., 1994) . These currents were about 40% inhibited by bath application of a membrane permeable CAMP analog (Fig. 5C, Table 1 ). This inhibition was reversed upon removal of the CAMP (data not shown) and potentiated by the further addition of 3-isobutyl methyl xanthine (IBMX), an inhibitor of phosphodiesterase (Fig. 5D , Table  1 ). Most of the current recovered several minutes after washing out the CAMP and IBMX (Fig. 5E ). Similar effects were seen on CHO cells microinjected with KV3.2a cRNA (Table 1) .
In contrast to the observations on KV3.2 currents, no effects of CAMP or IBMX were seen on the currents expressed in CHO cells by the related KV3. lb cDNA (Fig. 5H,Z ; Table l), which expresses currents with very similar voltage-dependence and kinetics, but encodes proteins lacking the PKA-phosphorylation site present in KV3.2 proteins ( Fig. 5A ; see also Vega-Saenz de .
The effects of the elevation of CAMP concentrations on KV3.2 currents in CHO cells are due to the activation of PKA and not to other possible actions of cyclic nucleotides since they are suppressed by H8, an inhibitor of cyclic nucleotide dependent protein kinases, at concentrations which do not produce a significant block of protein kinase C (PKC), and prevented by KT5720, a potent and selective inhibitor of PKA, a purified microbial metabolite of Nocardiopsis sp (Gadbois et al., 1992 ) (Table 1).
Furthermore, the effects of PKA are most likely the result of direct phosphorylation of KV3.2 channel proteins since no effects are seen on KV3.2 currents expressed in CHO cells microinjected with in vitro transcribed RNA (cRNA) from a KV3.2 cDNA in which the serines in the consensus PKA site have been mutated (Fig. 5F,G; Table 1 ). In addition, as shown in Figure  8B , KV3.2 proteins from brain tissue can be phosphorylated in vitro by the catalytic subunit of PKA.
The inhibition of KV3.2 channels upon activation of PKA activation is probably not the result of a positive shift in voltage dependence, since the currents remaining after the addition of CAMP (Fig. 6 ) or IBMX (data not shown) have similar kinetics and voltage dependence than the currents seen prior to the addition of PKA modulators. Apparently, the inhibition of KV3.2 channels is also not due to a reduction of single channel conductance (Fig. 7) .
In situ phosphorylation of KV3.2 proteins by intrinsic CAMPdependent protein kinases If the KV3.2 channels present in the terminals of thalamocortical projections were modulated in a similar fashion in vivo, this could affect transmission across thalamocortical synapses. For this to occur the thalamocortical presynaptic terminal must have all the molecular machinery necessary for phosphorylation properly located in relation to the channel (Scott, 1991) . To test whether KV3.2 proteins can be phosphorylated in situ, we explored their phosphorylation in intact cortical synaptosomes by endogenous CAMP-dependent protein kinases. Synaptosomes are resealed presynaptic terminals that maintain many functions, including Caz+ transport, ATP synthesis, and neurotransmitter release (Girod et al., 1992; Whittaker, 1993) . To study the phosphorylation of KV3.2 proteins in situ we utilized the technique developed by Costa and Catterall to study the phosphorylation of Na+ channels in intact synaptosomes (Costa and Catterall, 1984; Rossie and Catterall, 1987) . The method, based on the technique developed by Forn and Greengard (1978) to study phosphorylation in rat brain slices, consists of indirectly estimating the extent of endogenous phosphorylation by measuring the amount of protein made unavailable for phosphorylation by exogenous catalytic subunit of PKA (in the presence of Y-~~P-ATP) after solubilizing the synaptosomes. Thus, a reagent increasing the phosphorylation of the channel in intact synaptosomes decreases the incorporation of labelled phosphate following rupture of the synaptosomes. This method, known as backphosphorylation, is useful to study the phosphorylation of rare proteins, such as channels, when it is not possible to radiolabel the intracellular ATP pool to high specific activities (Costa and Catterall, 1984; Rossie and Catterall, 1987) .
Incubation of intact cortical synaptosomes with permeable analogs of CAMP produced a marked dose-dependent decrease in the incorporation of 32P into KV3.2 proteins by added PKA (Fig.  8C,D) . Nearly all the available PKA phosphorylation sites in KV3.2 proteins appear to be phosphorylated in synaptosomes incubated for 10 min with 21 mM CAMP analog (Fig. SC,D) or 20.5 mM IBMX (data not shown). The dose-response found here is very similar to that reported by Costa and Catterall (1984) for the in situ phosphorylation of Na+ channels. As in their study, relatively high concentrations of CAMP analogs are required, probably due to their low permeability across the membrane (Adams et al., 1991) . These experiments provide strong evidence that the molecular components necessary to phosphorylate KV3.2 proteins via the CAMP cascade are present in vivo.
Discussion
In situ hybridization studies had previously shown that mRNAs encoding some K+ channel subunits have a wide distribution in the mammalian CNS, while others are restricted to specific sub- Conductance was calculated using a reversal potential of -80 mV. The data were fitted to a Gaussian curve. Note that the mean single-channel current is not reduced in the presence of CAMP In the three conditions studied a single channel conductance of 14-15 pS is obtained assuming a resting potential of -40 mV (based on average measurements from several transfected cells) and using a reversal potential of -80 mV. Similarly, a slope single channel conductance of ~15 pS was calculated from the currents obtained during ramp voltage steps in all conditions (data not shown). -populations of neurons, leading to the idea that there are KC channels tailored to certain neuronal circuits, and providing hints as to the roles of K+ channel diversity. The experiments presented here were aimed at obtaining further clues as to the specific roles of KV3.2 subunits, one intriguing example of a K+ channel protein with a highly restricted pattern of expression in the rat brain. It was previously known that KV3.2 transcripts are predominantly expressed in thalamic relay neurons throughout the dorsal thalamus. In the present studies, immunohistochemistry with site specific antibodies was utilized to investigate the localization of KV3.2 subunits in thalamic relay neurons. The experiments provide compelling evidence that in these neurons the subunits are present mainly in thalamocortical axons and their terminal fields in the cortex and the reticular thalamus, implying that these are key structures where KV3.2 subunits play specific roles. Additional clues as to the possible roles of KV3.2 proteins were obtained from the studies of phosphorylation and modulation of these proteins by CAMP-dependent protein kinase. We have shown that KV3.2 subunits are phosphorylated by PKA and that this phosphorylation results in a marked inhibition of KV3.2 channels in CHO cells. Moreover, we have obtained evidence that KV3.2 proteins are phosphorylated in cortical synaptosomes, demonstrating that the machinery to phosphorylate the channels is present in Go.
The potential significance of the modulation of KV3.2 subunits by the CAMP pathway in the specific roles played by these proteins in the CNS is underscored by the fact that the motif in KV3.2 proteins responsible for this modulation is absent in KV3.1 proteins, which otherwise express very similar currents, but have a different distribution in the mammalian CNS . Consistent with the lack of the strong consensus motif for PKA phosphorylation in KV3.1 proteins, the kinase had no effect on KV3.1 channels in CHO cells. The idea that KV3.1 and KV3.2 subunits have specialized functions is supported by the fact that most of the differences between KV3.1 and KV3.2 proteins have been conserved throughout vertebrate evolution (Vega-Saenz de implying that areas with gene-specific sequence encode functionally distinct domains; however, no significant differences between KV3.1 and KV3.2 currents had previously been observed by electrophysiological analysis in heterologous expression systems. Here we showed that KV3.2 but not KV3.1 currents are modulated by PKA-dependent phosphorylation. Moreover, experiments with phorbol esters reveal the opposite situation in the case of protein kinase C, which has effects on KV3.lb but not KV3.2a currents . It is thus possible that the various KV3.1 and KV3.2 channels are different versions of the same channel types adapted for modulation by specific stimuli in distinct neuronal circuits.
The results of the studies described in this article allow us to consider testable hypotheses about the roles of voltage-gated K+ 
Modulation of KV3.2 channels by PK4 phosphorylation
We have shown here that CAMP-dependent phosphorylation inhibits KV3.2 channels expressed in CHO cells. Inhibition of voltage-gated K+ channels by the activation of the CAMP cascade has been reported in native K+ channels in situ (Deterre, 1981; Klein et al., 1982; Siegelbaum et al., 1982; Kaczmareck et al., 1984; Strong, 1984; Soliven and Nelson, 1990) as well as in one of the products of the Drosophila Shaker gene expressed in heterologous expression systems (Drain et al., 1994) , but to our knowledge not yet in other cloned mammalian voltage-gated K+ channels. It is important to point out however that CAMPdependent phosphorylation can have the opposite effect in other voltage-gated K+ channels (Giles et al., 1989; Yazawa and Kameyama, 1990; Frace and Hartzell, 1993; Huang et al., 1994) . Therefore, a given neurotransmitter receptor activating the same second messenger cascades can produce opposite changes in the electrical properties of a cell, depending on the channel types that are the target of the cascade. There are several biophysical mechanisms by which modulation by second messenger cascades could affect ion channel activity, including changes in single-channel conductance and inactivation kinetics, voltage-dependence shifts, and recruitment (or elimination) of channels in the membrane. Of these potential mechanisms, shifts in the voltage dependence of activation are well documented in some cases, including both voltage-gated and Ca2+-activated K+ channels and N-type Ca*+ channels (Bean, 1989; Giles et al., 1989; Perozo and Bezanilla, 1990; Yazawa and Kameyama, 1990; Mathie et al., 1992; Delcour and Tsien, 1993; Esguerra et al., 1994) . Changes in the number of active channels in the membrane have also been proposed in some systems (Strong et al., 1987; Blumenthal and Kaczmarek, 1992) . In the case of Drosophila Shaker channels, it has been demonstrated that phosphorylation modulates the rate of inacti-vation (Drain et al., 1994) . However, in most cases that have been analyzed, channel modulation is produced by changes in the probability of channel opening due to as of yet unexplained biophysical mechanisms, which could include transitions of affected channels into (or out of) nonconductive states and are difficult to distinguish experimentally from changes in the number of channel proteins in the membrane. This appears to be also the case for the inhibition of KV3.2 currents by CAMP-dependent phosphorylation. The inhibition was not the result of a positive shift in voltage dependence. The voltage range tested (Fig.  60 ) excludes a shift in voltage dependence of up to -100 mV. Furthermore, no relevant change in kinetics (Fig. 6 ) or single channel conductance (Fig. 7) was observed after stimulation of PKA.
Experiments with cloned subunits have the advantage that one can manipulate the protein and determine whether the effects of a kinase are due to the direct phosphorylation of the channel protein or are indirect, resulting for example, from the phosphorylation of proteins associated with the channel or the activation of other second messenger pathways. The data with KV3.2 proteins with mutations on the serines in the PKA site (Fig. 5, Table 1 ) indicate that in the case of KV3.2 proteins the effects of PKA are due to phosphorylation of the channel subunit at a site located in the carboxyl end region of the protein.
One may now design experiments to help understand the molecular mechanism by which phosphorylation of channel proteins translates into functional changes. For example in one study with cloned channel proteins (Drain et al., 1994) , it was shown that the molecular mechanism of modulation may not be the simple result of introducing negative charges.
Possible properties of native channels containing KV3.2 subunits Before considering the role that KV3.2 channels may have on thalamocortical circuits it is necessary to discuss what the properties of these channels might be, based on studies in heterologous expression systems. Like all Sh proteins, KV3.2 subunits can form functional tetrameric channels by themselves. In Xenopus oocytes (McCormack et al., 1990; Luneau et al., 1991; Vega-Saenz de Miera et al., 1994) and CHO cells (this article) these channels produce delayed rectifier-type currents that are first seen when the membrane is depolarized beyond -20 mV and are very sensitive to TEA and 4-AP. However, as in the case of other Sh subunits, KV3.2 proteins can also combine with other members of the same subfamily (but not with proteins of other subfamilies) leading to the formation of heteromultimeric channels . Although KV3.2 mRNAs overlap with transcripts of the other three Shaw-related genes in some neuronal populations in the CNS, for the most part they are expressed in different areas, suggesting that in many neuronal populations heteromultimer formation might not be a factor determining the properties of native KV3.2 channels . Specifically, in the dorsal thalamus there is negligible expression of KV3.4 mRNAs and low levels (much lower than KV3.2) of expression of KV3.1 and KV3.3 transcripts in some, but not all thalamic nuclei. In those nuclei where there is coexpression of KV3.2, KV3.1 and/or KV3.3 mRNAs (e.g., the ventral posterior complex and the dorsal lateral geniculate; see Weiser et al., 1994 , for details) KV3.2 proteins may indeed form heteromultimers with these subunits. It is thus possible that KV3.2 channels vary in subunit composition in different thalamocortical axons. In Xenopus oocytes, the presence of KV3.1 subunits does not alter the electrophysiological properties of KV3.2 channels. Coexpression of KV3.2 and KV3.3 proteins (which by themselves express inactivating currents) results in channels that inactivate relatively slowly (r > 20 msec at +20 mV, at 37"C, depending on the number of KV3.3 proteins in the channel complex). In all cases the channels are activated when the membrane is depolarized beyond -20 mV and are very sensitive to TEA and 4-AP (Vega-Saenz de Weiser et al., 1994) . Heteromultimer formation may thus cause some kinetic differences in the behavior of channels containing KV3.2 subunits in the projections of different thalamic nuclei.
In addition, native channels containing KV3.2 subunits could have properties different than those of homomultimeric or heteromultimeric KV3.2 channels in vitro due to the effects of B-subunits or other factors that could inlluence channel function . For example, the B,-subunit induces fast inactivation of delayed rectifier channels of the Shaker subfamily (Rettig et al., 1994) . These factors may also affect the physiological effects of phosphorylation. Whether these factors are important in the case of KV3.2 or other Shaw-related proteins remains to be discovered.
The role of K+ channels containing KV3.2 proteins in thalamocortical function Although native channels containing KV3.2 proteins may have properties somewhat different from those of KV3.2 channels in heterologous expression systems as explained in the previous section, we will assume for the purposes of this discussion that as in vitro these channels are not activated until the membrane is depolarized beyond -20 mV. If this were the case, we expect that the channels will be activated mainly during action potentials. They may be activated also by receptor-mediated depolarizations that depolarize the membrane to potentials more positive than -20 mV. KV3.2 channels could be effective in repolarizing action potentials or postsynaptic depolarizations if they exist in sufficient numbers such that the current generated by the small fraction of channels that will open (given the membrane potential and/or time available for channel opening) can overcome depolarizing currents. The predominantly axonal localization of KV3.2 subunits in thalamic relay neurons suggests that their primary role here is in modulating action potentials.
By accelerating the repolarization of action potentials the activation of KV3.2 channels would decrease action potential duration. The expression of KV3.2 subunits in thalamocortical axons may help to faithfully transmit the high firing rates of bursting thalamic relay neurons through the axon and terminals (Steriade and Llinas, 1988; Sherman and Koch, 1990; Steriade et al., 1990; McCormick, 1992a,b) . The presence of KV3.2 channels in terminals, and their modulation by CAMP-dependent phosphorylation may allow for the modulation of action potential duration at the presynaptic terminal and thereby affect neurotransmitter release.
Although K+ channels that activate at more negative voltages (s-40 mV) could also repolarize spikes and control action potential duration, the effects of high voltage-activating K+ channels on the action potential would be specific to these functions by virtue of the fact that they are not opened until the spike has been generated. In a cell containing both currents, their modulation by independent second messenger systems would allow the cell to regulate action potential duration separately from action potential initiation and the amount of transmitter release per spike separately from firing frequency.
Modulation of excitability of the thalamocortical system by neurotransmitters and neuropeptides is thought to play a fundamental role in controlling the level of cortical activation during behavioral states such as sleep, wakefulness, arousal, coma, or changes in attention (Steriade and Llinas, 1988; Steriade et al., 1990; Sherman and Koch, 1990; McCormick, 1992a,b) . Some of the actions of neurotransmitters on the thalamocortical circuit have been demonstrated to involve the regulation of K+ channels by receptor-activated second messenger cascades (McCormick, 1992a,b) . We hypothesize that modulation of KV3.2 channels in thalamocortical terminals by the CAMP cascade may be also a mechanism of control of the functional state of the thalamocortical circuit. Known actions of neurotransmitters in this system include effects at postsynaptic sites in thalamic and cortical neurons (McCormick, 1992a,b) . While presynaptic modulation of the thalamocortical synapse has yet to be directly demonstrated, there are numerous examples of presynaptic modulation in other systems (Klein et al., 1982; Chesselet, 1984; Hevron et al., 1986; Chavez-Noriega and Stevens, 1994) . Moreover, facilitation of thalamocortical synapses has been demonstrated (Ashe and Metherate, 1993; Lee and Ebner, 1992) , although the relative contribution of pre-and postsynaptic mechanisms to this facilitation have not been determined. In addition, several neurotransmitter receptors have been localized to the presynaptic aspect of the thalamocortical synapse (Sahin et al., 1992; Vogt et al., 1992 ), although it is also possible that somatic changes in CAMP concentration could diffuse and activate PKA at the terminal (Bacskai et al., 1993) .
Recently developed experimental paradigms, such as the thalamocortical slice preparation of Connors (1991, 1992) , allowing the recording of synaptically evoked responses from functionally identified cortical neurons should provide the opportunity to test predictions emanating from our hypothesis. Further studies in vitro, including finding specific-inhibitors for KV3.2 channels and discovering neurotransmitters or other modulators that regulate the CAMP cascade in thalamocortical synaptosomes will provide further clues for in vivo experiments. The potential significance of modulation of KV3.2 subunits by the CAMP pathway in other neuronal circuits expressing KV3.2 proteins has also yet to be explored.
